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Abstract 
     
Helium is a common working gas for cold atmospheric plasmas (CAPs) and this is often mixed with other gases, 
such as oxygen and nitrogen, to increase its reactivity. Air is often found in these plasmas and it can be either 
introduced deliberately as a precursor or entrapped in systems that operate in open atmosphere. In either case, the 
presence of small traces of air can cause a profound change on the composition of the plasma and consequently its 
application efficacy. In this paper, a global model for He+Air CAPs is developed, in which 59 species and 866 
volume reactions are incorporated, and a new boundary condition is used for the mass transport at the interface 
between the plasma and its surrounding air gas. The densities of reactive species and the power dissipation 
characteristics are obtained as a function of air concentrations spanning from 100 to 10000 ppm. As the air 
concentration increases, the dominant cation changes from O2
+
 to NO
+
 and then to NO2
+
, the dominant anion 
changes from O2
-
 to NO2
-
 and then to NO3
-
, the dominant ground state reactive oxygen species changes from O to O3, 
and the dominant ground state reactive nitrogen species changes from NO to HNO2. O2(a) is the most abundant 
metastable species and its density is orders of magnitude larger than other metastable species for all air 
concentrations considered in the study. Ion Joule heating is found important due to the electronegative nature of the 
plasma, which leads to the fast decrease of electron density when the air concentration is larger than 1000 ppm. The 
generation and loss pathways of important biologically relevant reactive species such as O, O2
-
, O3, OH, H2O2, NO, 
HNO2, HNO3 are discussed and differences with the pathways observed in He+O2, He+H2O, Ar+Air and pure air 
plasmas are highlighted. Based on the simulation results, a simplified chemistry set with 47 species and 109 volume 
reactions is proposed. This simplified model greatly reduces the computational load while maintaining the accuracy 
of the simulation results within a factor of 2. The simplified chemistry model is computationally much less intensive, 
facilitating its integration into multidimensional fluid models for the study of the spatio-temporal evolution of 
He+Air CAPs.  
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1. Introduction 
Cold atmospheric plasmas (CAPs) have found use in a 
wide range of applications such as environmental 
protection
[1]
, surface modification
[2] 
and biomedicine
[3-5]
. 
Helium is a commonly used as working gas for CAPs due to 
its good thermal conductivity and discharge stability. 
However, industrial helium normally has a purity level 
lower than 99.99% and as a result, traces of additional gases 
such as N2 and O2 are typically present in concentrations 
larger than 100 parts per million (ppm). Moreover, in many 
atmospheric-pressure applications helium plasmas are 
operated in open air and therefore air inevitably mixes into 
the helium working gas
[ 6 ,7]
. Given the large energy of 
helium and helium dimer metastables, Penning ionization is 
an important process in these discharges and even traces of 
gases in the ppm range can have a significant effect on the 
discharge properties and composition
[8]
. 
On one hand, the presence of air in helium plasmas is 
critical for the production of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS), which are useful for 
various applications but on the other hand, the presence of  
air traces can compromise the plasma stability. Some recent 
reports have witnessed that gas impurities in the ppm range 
could dramatically change the plasma characteristics
[9-12]
, 
maximize the production efficiency of ROS and/or RNS
[13] 
when the concentration of traces are increased to several 
thousand ppm and cause instabilities of CAPs at higher 
concentration
[14,15]
. Therefore, helium CAPs are normally 
operated with admixtures of gases (typically air) in a 
concentration range of 100 to 10000 ppm, a regime where 
the plasma characteristics as well as the production of 
reactive species are significantly influenced by the actual 
background gas composition. 
 Quantifying the impact of the presence of air in the 
helium CAPs is of importance, both at a fundamental level, 
where the production mechanisms of ROS and RNS are not 
yet fully understood, and technologically, as the production 
efficiency of ROS and RNS needs to be optimized for 
different applications.  
The chemistry in air-containing CAPs is so complex that 
quantitative studies have proved to be very challenging. At 
least dozens of species and hundreds of reactions need to be 
considered in these plasmas but only a few of the species 
can be measured with current diagnostic techniques
[ 16 ]
. 
Complimenting experiments, plasma modeling can provide 
insights into the chemistry of CAPs. Previous studies have 
used computational fluid models with simplified chemistry 
sets
[17,18] 
without a rigorous approach for the simplification 
of the chemistry set or analysis of its accuracy. Global 
models have been widely used to study the chemistry of 
CAPs, as they provide a computationally effective way of 
study of complex plasma chemistry sets as those generated 
in air containing CAPs. Global models have already been 
successfully used to study CAPs with complex chemistry 
such as Ar+humid air
[ 19 ]
, He+O2 with humid air 
impurities
[20]
, Ar+H2O
[21]
 and He+O2+H2O
[22]
. For He+Air 
plasmas, global model can provide insights into the 
different power dissipation channels, species densities, key 
species and chemical pathways. It is noted that the key 
species and reactions extracted from global models can then 
be used in fluid models for the study of plasma space 
variations
[ 23 , 24 ]
, from which additional insights can be 
obtained. 
In this paper, a global model is developed to study 
He+Air CAPs with air concentrations spanning from 100 to 
10000 ppm. Following a comprehensive literature review, 
59 chemical species and 866 volume reactions are 
incorporated in the model. The density of reactive species 
and the power dissipation of various physiochemical 
processes are discussed in detail as a function of the air 
concentration in the background gas. Due to their 
application relevance, special attention is paid on the 
chemical pathways of ROS and RNS. Careful analysis of 
the simulation results, allow us to identify the main species 
and reactions to create a simplified chemistry model. This 
model incorporates 47 species and 109 volume reactions, 
~12% of the chemical reactions in the original model. The 
accuracy of the simplified model is assessed by comparing 
selected reactive species simulation results of the simplified 
model against those of the original model. Our goal is to 
explain the plasma chemistry of He+Air CAPs and develop 
a simplified chemistry set for incorporation in more 
elaborate fluid models in future study.  
 The paper is structured as follows. The description of 
the global model is given in section 2. Simulation results of 
the full global model are presented in section 3, where the 
densities of reactive species and power dissipations are 
discussed as a function of the air concentration in the feed 
gas. In section 4, simulation results of the simplified model 
are presented, where the accuracy and robustness are 
discussed, and the main pathways for the generation/loss of 
selected reactive species are illustrated. Finally, concluding 
remarks are given in section 5. 
 
2. Global model 
The global model used in this work is similar to that 
recently reported and used for the study of Ar+H2O plasmas 
[25]
. Therefore, only the main differences between the two 
models are described here. Emphasis is made on the new 
species and chemical reactions, which are significantly 
different to those in Ar+H2O plasmas, as well as the 
improved modeling of the radial loss of neutral species.  
Figure 1 shows a schematic diagram of the He+Air 
plasma system considered in this study. It consists of two 
parallel circular plates with radius R = 1 cm, with a gap 
between the two of g = 2 mm. The plasma is excited with an 
average power density of 10 W/cm
3
, the neutral gas 
temperature is set to remain at room temperature (300 K), 
and the gas flow rate is set to be 100 standard cubic 
centimeter per minute (sccm). The air concentration in the 
Page 2 of 31AUTHOR SUBMITTED MANUSCRIPT - PSST-102520.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
pte
d M
an
us
cri
t
 3 
He+Air feedstock gas is varied from 100 ppm to 10000 ppm, 
and the air is assumed to have a composition of 79% N2, 20% 
O2 and 1% H2O (1% H2O corresponds to a relative humidity 
of approximately 30% at 300 K and 1 atmosphere, which is a 
typical inland air humidity) 
[26,27]
. 
 
Figure 1. Schematic diagram of the model  
The model incorporates 59 species and 866 volume 
reactions, in which 53 species and 624 reactions are 
identical to a comprehensive model for air plasmas 
previously reported by Sakiyama et al
[26]
. The additional 6 
species and 242 volume reactions are all helium-related, 
which have been identified after an extensive literature 
review. The incorporated helium species are He, He
*
, He2
*
, 
He
+
, He2
+
 and HeH
+
, and the helium-related reactions are 
listed in the Appendix I. Since we are mainly interested in 
the biomedical application of these plasmas, the paper 
focuses on biologically relevant reactive components. 
Hydrated species often encountered in high humidity 
plasmas and high order clusters such as O6
+
 are assumed to 
be negligible for the conditions of this study. The total 
species, including cations, anions, metastables and 
ground-state neutrals are listed in table 1. Most rate 
coefficients are taken from literature and where possible 
electron collision reaction coefficients are calculated based 
on cross section data using BOLSIG
+[28]
. When both rate 
coefficients and cross section data are not available, rates 
have been estimated according to the recommendations by 
Kushner and Kossyi et al. [29,53].  
Table 1. Species included in this model 
Type Species 
Positive charge 
species 
He+, He2
+, HeH+, N+, N2
+, N3
+, N4
+, O+, O2
+, 
O4
+, NO+, N2O
+, NO2
+, H+, H2
+, H3
+, OH+, 
H2O
+, H3O
+ 
Negative charge 
species 
e, O-, O2
-, O3
-, O4
-, NO-, N2O
-, NO2
-, NO3
-, 
H-, OH- 
Metastables 
He*, He2
*, N(2D), N2(A), N2(B), O(
1D), 
O2(a) 
Grounded neutrals 
He,H, N, O, O3, NO, N2O, NO2, NO3, N2O3, 
N2O4, N2O5, H2, OH, HO2, H2O2, HNO, 
HNO2, HNO3, N2, O2, H2O  
The particle balance equation for each plasma species is 
given by
[10]
: 
1 2
, 1 1 2
1,
N
Vk
k i k i k k k k
i i k
dn S S F
G n
dt V V V
 
 
 
        
 
 
 (1)
 
where nk is the number density of species k, Gk
V
 is the net 
generation/loss rate of species k due to volume reactions in 
the plasma, N is the total number of species, S1 is the total 
area of the solid plates, S2 is the “sidewall” area of the 
plasma-gas interface, V is the plasma volume, 1k is the flux 
of species k to the solid plates, 2k is the flux of species k to 
the sides out of the plasma, and F is the gas flow rate.  
The second term on the right-hand side of equation 1 
represents the particle gain/loss due to surface reactions, in 
which βk is the surface reaction probability of species k, and 
αi,k is a parameter between zero and one that relates to the 
generation probability of species k due to surface reactions 
of species i. All the cations are assumed to be neutralized 
when reaching the dielectric barriers and therefore βk=1 for 
them. Anions are assumed to be confined in the plasma 
region by the ambipolar field and therefore βk1k=0
[31,32]
. 
Due to the collisionality of the sheaths, the flux of cations is 
calculated using the following formula
[25]
 
1
0.6
1
2
k B
k
Ds
ion
n u


 

                (2) 
where uB represents the Bohm velocity, λDs is the Debye 
length in the plasma sheath, λion is the mean free path of 
positive ions. Finally, the electron flux is set to balance the 
total flux of cations, maintaining quasi-neutrality in the bulk 
plasma. 
Reactive neutral species are assumed to be absorbed by 
the dielectric barriers with the value of βk varies between 
zero and one
[9]
. The axial diffusive loss of a reactive species 
is calculated using the following formula
[31]
 
2
1k zk k kk D n g                   (3) 
with 
1
2
2 2
12
k
z
k
k
k
D gg
k
v



 
  
 
 
 (4)               
where g is the gap length, Dk is the diffusion coefficient of 
species k, which is calculated following the approach 
described in ref. [30]. vk is the thermal mean speed of 
species k. For the derivation of the formulas (2)-(4), please 
refer to Ref. [25] and [31]. 
The third term on the right-hand side of equation 1 
represents the particle gain/loss due to sidewise diffusion. 
The sidewise gain and loss are estimated for the neutral 
species as reported in ref. [31] and [32]. Since only a small 
proportion of the helium gas is transformed into other 
species (such as helium metastables), the helium 
concentration in the feedstock gas is assumed to remain 
constant in the plasma. However, this is not the case for air 
species as a large portion of the N2, O2 and H2O molecules 
are dissociated and/or ionized in the discharge. As a result, 
the three species (N2, O2 and H2O) diffuse from the 
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surrounding gas into the plasma region, where they are 
consumed. Following a similar derivation to that in ref. [31], 
it can be shown that the sidewise flux (2k) for N2, O2 and 
H2O at the radial boundary is given by: 
2
,
2 2
2
1
k extk
k k
k
nD
n
R n
 
   
 
 
           (5) 
where k represents N2, O2 and H2O, nk,ext represents the 
number density of species k in the surrounding (feed) gas, nk 
the average density of species k in the plasma region, Dk is 
the diffusion coefficient of species k. It is noted that 
equation (5) given in ref. [31] is just for water, but it should 
also be applied to N2 and O2 in He+Air plasmas.  
The model also accounts for neutral species were not 
present in the background gas but are generated in the 
plasma. These species diffuse outwards and Appendix II 
details the derivation of an expression for the flux 2k of 
these species at the radial boundary of the discharge region 
[32]
. This flux is given by: 
 
 
2 1
2
22
1
2 ,2 1
0 0220
1
2
2 !1
4
2
2 0.25 0.25
2 !
m
k
k m
m
k k th km
R k
k th thm
k km
K
m R
D
R D K
m
n v
K
m R
D K K
r D K I R v v I r dr
D Dm




 
  
 
 
  
                 
    
 
 
 


              
(6)
                          
where nk represents the average density of species k across 
the radial direction, Dk represents the diffusion coefficient 
and K represents the reaction frequency for the destruction 
(linear approximation) of species k. vth,k is the mean thermal 
velocity, I0 represents the modified zero-order Bessel 
function of the first kind. K changes in time as the plasma 
composition evolves. To account for this time evolution, K 
is evaluated and updated at each time step in the simulation.  
For long-lived species, K is small enough for the loss of 
species at the boundary to contribute significantly to the 
loss of particles, and consequently the density at the radial 
plasma boundary (n(R)) is expected to be much lower than 
the average density in the discharge (nave).  
On the other hand, short-lived species are readily lost 
and therefore the contribution of the radial diffusion out of 
the plasma region on the lifetime of these species is small. 
As a result, the radial profile of the density of these species 
is relatively uniform across the discharge region and the 
density at the radial boundary of the plasma (n(R)) is 
approximately equal to the average density (nave) in the 
plasma.  
In general, the ratio of the density at the radial 
boundary to the average density in the discharge (n(R)/ nave) 
is a function of K. As an example, Figure 2 shows this ratio 
for atomic oxygen as a function of K, when the diffusion 
coefficient of O is assumed to be 1×10
-4 
m
2
/s. The ratio is 
calculated using the formula (A11) in Appendix II. The 
sidewise boundary loss rate (Sd,i) is given by 2kS2/V, where 
2k is calculated according to equation (6). The loss rate due 
to chemical reactions is given by Knave and K is assumed to 
varied between 10
-2
 to 10
5 
for the purposes of Figure 2.  
As the value of K changes due to the time evolution of 
the plasma composition, the ratio n(R)/nave and the radial 
loss contribution change by orders of magnitude. At low K 
values (K<10 s
-1
) the ratio n(R)/nave is around 2×10
-4
 and 
this increase linearly for K values above 10 s
-1
. 
Correspondingly, the sidewise loss contributes nearly 100% 
of the loss of atomic oxygen when K<1 s
-1
 and this 
contribution decreases linearly for larger K values, being 
only 0.6% when K=10
5
 s
-1
. For the steady state conditions 
encountered in the plasmas investigated in this study, the K 
value for atomic oxygen is found to be on the order of 10
3
 
s
-1
. For very short-lived species such as O(
1
D), K is larger 
than 10
6
 s
-1
 and for these species the sidewise loss can be 
neglected.  
Table 2 shows the steady state values of K and the 
contribution of the sidewise loss to the total loss of the 
neutral species for the case of an air concentration of 10000 
ppm. For short-lived species the sidewise loss accounts for 
less than 1% of the total loss and hence the sidewise loss 
can be neglected for these species without significantly 
affecting the simulation results. On the other hand, the 
radial loss can account for more than a quarter of the total 
losses for long lived species. 
 
Figure 2. n(R)/nave and side boundary loss contribution as a 
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function of K for O atoms( : n(R)/nave; : side boundary 
loss contribution(Sd,i/(Sd,i+Knave))) 
 
Table 2. Ratio of sidewise loss rate to total loss rate of species for 
the air impurity of 10000 ppm 
Species K Sidewise loss 
contribution 
N(2D) 2.57×10
5
 0.23% 
N2(A) 1.45×10
5
 0.36% 
N2(B) 1.98×10
7
 <0.01% 
O(1D) 9.32×10
6
 <0.01% 
H 1.01×10
5
 1.00% 
N 7.42×10
3
 2.18% 
O 2.61×10
3
 4.04% 
NO 2.97×10
3
 3.03% 
NO2 1.18×10
4
 1.52% 
NO3 2.40×10
4
 0.97% 
N2O3 4.34×10
5
 0.10% 
N2O4 1.99×10
5
 0.18% 
OH 1.79×10
4
 1.50% 
HO2 1.61×10
4
 1.35% 
HNO 5.27×10
4
 0.74% 
He* 4.18×10
7
 <0.01% 
He2
* 1.98×10
7
 <0.01% 
O3 8.40×10
1
 15.88% 
O2(a) 5.40×10
1
 22.10% 
H2 1.20×10
1
 58.32% 
H2O2 1.80×10
1
 35.80% 
N2O 7.94×10
2
 5.47% 
N2O5 1.13×10
2
 10.75% 
HNO2 4.50×10
1
 20.50% 
HNO3 5.54×10
2
 5.88% 
 
Solution of the balance equation requires knowledge on 
the electron temperature (Te) and this is calculated by 
solving the electron energy balance equation: 
[33]
 
1
1
1 1
3
2
p r
N N
in
e e e e p j i i
j i
P Sd
n T R
dt e V V
   
 
  
              
  
 
   
(7)
 
where ne represents the electron density, Te the electron 
temperature, ξ the ratio of power coupled to electrons to the 
total power (electrons and ions) coupled to the plasma, e the 
elementary charge, Pin the input power, Nr the number of 
electron impact reactions, i and Ri the electron energy loss 
due to the ith electron impact reaction (including 
electron-neutral momentum transfer collision) and the 
corresponding reaction rate, e  and p the energy lost per 
electron and ion escaping the plasma across the sheaths. 
Equation (1) and (7) are integrated using COMSOL 
chemical engineering module to solve for the time evolution 
of the electron temperature and densities of species.  
3. Simulation results of the full model 
In order to investigate the plasma chemistry of He+Air 
CAPs, the following cases of air admixture were considered 
in the study: 100, 200, 500, 1000, 2000, 5000 and 10000 
ppm. This range accounts for the typical air concentrations 
encountered in most applications. The simulation results are 
discussed below. 
A. Densities of reactive species as a function of air 
concentration 
 
Figure 3. Electron density, electron temperature and 
electronegativity as a function of air concentration in the feed gas 
( : Electron density; : Electron temperature; : 
Electronegativity) 
The dependence of the electron density, electron 
temperature and electronegativity on the air concentration is 
shown in Figure 3. As the air concentration increases from 
100 ppm to 10000 ppm, the electron density decreases from 
4.6×10
16
 to 9.1×10
15
 m
-3
, while the electron temperature 
increases from 1.95 eV to 2.71 eV. It is noted that the 
electron temperature here is similar with that in previous 
reports of He+H2 (~2.5eV), He+O2 (~2.4 eV) and 
He+O2+air (~2.4 eV) plasmas
[33,10,34]
. 
The densities of cations generated in He+Air CAPs are 
shown in Figure 4. For clarity, these are presented in two 
graphs: one showing the density of oxygen-free cations 
(Figure 4(a)) and another one showing the 
oxygen-containing cations (Figure 4(b)). In both graphs, the 
total concentration of cations is illustrated by a dotted line 
and it can be seen that the cation density rises from 7.2×10
16
 
to 3.0×10
17
 m
-3
 when the air concentration in the admixture 
increases from 100 to 10000 ppm. For oxygen-containing 
cations, the densities of O4
+
, H3O
+
, NO
+
 and NO2
+
 increase 
with the air concentration, whereas the density of other 
species decreases. For oxygen-free cations, the density as a 
function of the air concentration in the admixture shows 
monotonous decrease trend except for He
+
, which increases 
obviously as the air concentration increases. This trend is 
mainly driven by the increasing electron-impact ionization 
of He with the increasing electron temperature (Figure 3). 
At low air concentration ([air]<150 ppm), O2
+
 is the most 
abundant cation. As the air content increases, NO
+
 becomes 
dominant and at high air concentration ([air]>2000 ppm) 
NO2
+
 becomes the dominant ion. O4
+
 is not the most 
abundant cation, but it has a relative large density for all air 
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concentrations considered in the study. In He+O2 plasmas 
with humid air impurity, O4
+
 was reported to be the most 
abundant cation
 [34]
. 
 
 
 
Figure 4. Densities of cations as a function of air concentration: (a) 
oxygen-free cations; (b) oxygen-containing cations 
Similarly to the case of cations, the total anion density 
increases from 2.7×10
16
 to 2.9×10
17
 m
-3
 when the air 
concentration rises from 100 to 10000 ppm (Figure 5). It is 
noted that the electronegativity i.e. the ratio of anion density 
to electron density, increases with the concentration of air in 
the feed gas, and the plasma becomes electronegative for air 
concentrations above 1000 ppm (Figure 3).  
The concentration of some anions, such as NO3
-
, NO2
-
, 
O4
-
, H
-
 and O3
-
, increase with the air concentration, whereas 
the density of NO
-
 first increases then decreases at high air 
concentration. Significantly, biologically relevant species 
such as O2
-
 are found to be produced in relatively large 
quantities. The density of O2
-
 decreases slightly as air 
content increases and it is the most abundant anion at low 
air concentrations (<300 ppm). As the air concentration 
increases above 300 ppm, NO2
-
 and NO3
-
 become the 
dominant species. It is noted that the density of NO3
-
 has a 
significant increase of about three orders of magnitude as 
the air content increases from 100 to 10000 ppm. As a result, 
NO3
-
 becomes the most abundant anion for [air]>2000 ppm. 
This is due to the large electron affinity (3.9 eV) of NO3
-
 
[65]
, 
and the increasing density of NO2
-
 for charge transfer 
reactions to form NO3
-
. 
 
 
Figure 5. Densities of anions as a function of the air concentration 
in the feed gas 
Figure 6 shows the densities of excited neutral species 
as a function of the air concentration. The dominant excited 
neutral species is O2(a), of which the density increases from 
9.8×10
19
 to 4.7×10
21
 m
-3
 as the air concentration in the feed 
gas changes from 100 to 10000 ppm. The density of O2(a) is 
higher than that of the other excited species by several 
orders of magnitude, so its density curve nearly overlaps 
with that of the total excited neutral species (see Figure 6). 
This is due to the big electron collisional excitation cross 
section of O2 to form O2(a)
[ 35 ]
. O2(a) is an important 
bio-active species on its own and it is also an important 
precursor for other bio-active species such as O3. This 
suggests that O2(a) is likely to play an important role in the 
biomedical applications of He+Air CAPs.  
 
 
Figure 6. Density of excited neutral species as a function of the air 
concentration in the feed gas. 
Albeit in much lower concentration, O(
1
D) has a very 
similar density trend to that of O2(a). This is expected as 
both species are generated primarily by electron-neutral 
collisions with O2. Dissociative excitation of O2 to produce 
O(
1
D) requires 7.1 eV electrons, while only 0.98 eV is 
required for the excitation of O2 to O2(a). As a result, the 
density of O(
1
D) is lower than that of O2(a) by more than 
four orders of magnitude.  
As shown in Figure 6, He
*
 and He2
*
 are present in low 
concentration but this does not mean that their production 
rates are small. Helium metastables have high potential 
energy, 19.8 eV for He
*
 and 18.4 eV for He2
*
, and therefore 
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they are capable of Penning ionizing air molecules (O2: 
12.06 eV; N2: 15.58 eV; H2O: 12.61 eV). These processes 
have large reaction rates and this is the main reason for the 
small concentration (<10
16
 m
-3
) of helium metastables even 
when the air concentration is just 100 ppm. Their densities 
decrease monotonically with increasing air concentration by 
one and three orders of magnitude, respectively. Penning 
ionization has also been identified as an important 
ionization process in He+H2O, He+N2, He+O2 plasmas 
[9,10,36]
. 
  
 
 
Figure 7. Density of ground neutral species as a function of the air 
concentration in the feed gas: (a) RNS (b) ROS 
The density of ground-state neutral species generated in 
He+Air CAPs as a function of the air concentration are 
shown in Figure 7. These are divided into two groups: RNS 
(Figure 7a) and ROS (Figure 7b). The density of most ROS 
and RNS increases with the air content in the feedback gas. 
HNO is the only species that remains approximately 
constant for the air admixtures considered in this study. The 
most abundant ground-state species are O, O3, NO and 
HNO2. The density of O increases from 3.2×10
19
 to 
8.5×10
20
 m
-3
 with the air concentration, and it is the most 
abundant ground-state ROS when [air]<5000 ppm. O has 
also been found to be the dominant ROS near the nozzle of 
argon plasma jets flowing into humid air
[37]
. O3 becomes the 
dominant ROS when [air]>5000 ppm. For the RNS, NO is 
the most abundant one at low air concentrations ([air]<150 
ppm), and then HNO2 becomes the dominant RNS.  
In addition, biological reactive species including OH, 
HO2 and H2O2 have similar density trend, and their densities 
are all above 10
17
 m
-3
 in the whole air concentration range, 
indicating that these species would be important in 
applications of He+Air CAPs. The density of OH is lower 
than that of O by two orders of magnitude and this result 
agrees with observations made in air plasmas
[26]
.  
Although the helium concentration is typically at least 
99% of the background gas in He+Air plasmas, 
helium-containing products (metastables and ions) have 
very low densities and in generally it can be said that most 
reactive species originate from air molecules. However, a 
comparison between an air plasma (ref [26]) and a He+Air 
plasma (this work) reveal substantial differences. For 
example, the most abundant ROS in air plasmas is O3, but 
in He+Air plasmas O3 only dominates when the air 
concentration is >5000 ppm. Instead, O is found to be more 
abundant than O3 when the air concentration is <5000 ppm. 
This is primarily due to the lower density of O2 in He+Air 
plasmas and since the main mechanism for ozone formation 
is the reaction of O with a reaction O2, a lower molecular 
oxygen concentration favors the formation of O in He+Air 
plasmas. The composition of RNS also differs between the 
He+Air and the pure air plasmas. In particular, the densities 
of N2O5, N2O and HNO3 in air plasma are higher by several 
orders of magnitude than those in He+Air plasmas. 
Nonetheless, a larger amount of NO is produced in He+Air 
plasmas
[26]
. These trends observed in He+Air plasmas are 
similar to those found in Ar+Air plasmas
 [37] 
as in both cases 
the concentration of N2 and O2 are diluted by a noble gas. 
These results indicate that the presence of He can have a 
dramatic effect on the composition of the cocktail of ROS 
and RNS produced in air-containing plasmas.  
As discussed above, helium ions and metastables have 
high production rates but their densities are low due to 
Penning processes and charge transfer reactions
[9]
. This 
leads to chemical pathways for the generation of reactive 
species that differ from those encountered in air plasmas. 
He+Air plasmas are also less electronegative than air 
discharges and this results in more electrons available for 
producing reactive species via excitation and dissociation of 
air molecules.  
 
B. Power dissipation 
Figure 8 shows the main channels in which power is 
dissipated in He+Air CAPs, as a function of the air 
concentration. The input power is mainly consumed in 
elastic collisions (momentum transfer collisions) between 
electrons and helium molecules. Despite the small energy 
transfer in each elastic collision, the large collisionality 
encountered in CAPs results in these collisions dominating 
the power balance. However, the percentage of energy 
dissipated via this channel decreases from 95% to 29% as 
the air concentration increases from 100 to 10000 ppm, 
because 1) the number of inelastic collisions increases with 
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the introduction of molecular gases (N2, O2 and H2O), and 2) 
less power is coupled to electrons as the electronegativity of 
the plasma increases. The power consumed in 
electron-impact excitation processes becomes significant as 
the air content of the feed gas increases above 500 ppm and 
reaches 15% at [air]=10000 ppm. The following excitation 
reactions consume most of the power (the reaction number 
is from Appendix III): 
                22e N N D N e                (R5) 
    2 2e N N A e                 (R3) 
                2 2e N N B e                  (R4) 
                12e O O D O e                 (R8) 
The increasing power dissipation in electron-impact 
excitation contributes to the increasing densities of excited 
neutral species (see Figure 6). In comparison, the power 
dissipated in other inelastic processes, such as 
electron-impact ionization, is negligible. Due to the strong 
electronegative nature of O2, increasing amount of power is 
coupled to ions as the air concentration in the feed gas 
increases. About 54% of the input power is consumed by 
ion Joule heating when [air]=10000 ppm. Power coupled to 
the ions has little effect on the plasma chemistry and 
contributes primarily to gas heating. As the power coupled 
to the electrons decreases with increasing air concentration, 
the electron density decreases as shown in Figure 3. These 
trends of power dissipations in He+Air CAPs are similar to 
those in He+O2 and He+H2 plasmas 
[10,33]
.  
 
Figure 8. Power dissipations as a function of the air concentration 
( : Ion Joule heating : Elastic collisions : Electron 
excitation : Ionization : Other inelastic collisions) 
4. Simulation results of the simplified model 
The model used to obtained the results presented in 
section 3 incorporates 59 species and 866 reactions. While 
these can be easily handled by a global model, it is of 
interest to get a simplified model which can capture the 
main plasma chemistry but with a reduced set of species and 
reactions. This simplified chemistry model could then be 
used in more computationally demanding models to study 
other spatio-temporal dynamics not accounted for in zero 
dimensional models.  
The criteria for selecting the main species and reactions 
from the full chemistry model are the same as those used in 
the study of He+H2O and He+O2 plasmas
[9,10]
. Briefly, once 
the simulation has reached steady state, only the species 
whose densities are larger than a threshold value are 
deemed important. Here the threshold is set to be the total 
density of the cations. Besides these main species, some 
intermediate species whose density doesn't reach the 
threshold but contribute significantly to the generation/loss 
of important species are also included in the simplified 
model.  
Once the main species have been selected, the main 
reactions are chosen next by selecting the reactions whose 
total contribution to the particle balance of any of the main 
species exceeds a threshold value of 10% of the total 
generation (or loss) for that particular species. After this 
simplification process, a reduced set of species and 
chemical reactions consisting of 47 species and 109 volume 
reactions is obtained. The species in the simplified model 
are listed in table 3 and the main volume reactions are listed 
in Appendix III. The number of reactions in the simplified 
model is ~12% of those in the full model(original model). 
A simplified global model is then developed with the 
reduced chemistry set and its accuracy and robustness are 
checked by comparing simulation results against the results 
obtained with the full global model.  
Table 3. Main species 
Type Species 
Cations 
N+, N2
+, N3
+, N4
+, O+, O2
+, O4
+, NO+, NO2
+, 
OH+, H2O
+, H3O
+ 
anions e, O
-, O2
-, O3
-, NO-, NO2
-, NO3
-, OH-,H- 
Metastables 
He*, He2
*, N(2D), N2(A), N2(B), O(
1D), 
O2(a) 
Grounded neutrals 
He, H, N, O, O3, NO, N2O, NO2, NO3, 
N2O5, H2, OH, HO2, H2O2, HNO2, HNO3, 
N2, O2, H2O  
 
A. Accuracy and robustness  
The accuracy and robustness of the simplified model 
can be assessed by comparing the composition of the 
plasma obtained with the simplified model against the 
results of the full model (59 species and 866 reactions). 
Figure 9 compares the simulation results for the most 
important ROS and RNS, such as O, O3, H2O2, OH, O2
-
, NO, 
NO3, HNO2 and HNO3 for air concentrations varying from 
100 to 10000 ppm. It can be seen that the results of the 
simplified model captures the trends predicted by the full 
model with a good agreement. 
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Figure 9. Density of selected (a) ROS and (b) RNS as a function of 
air concentration: : full model; : simplified model  
The validity and robustness of the simplified model is 
further investigated by comparing simulation results when 
the input power and gap distance are doubled. The relative 
error (RE) of the simplified model is quantified by 
calculating the root mean squared error for the density of all 
of the key species in the simplified model: 
2
1
1
(%) ( ) 100%
max{ , }
mN
is id
m is idi
n n
RE
N n n


 
        
(5)
 
where Nm is the total number of species in the simplified 
model, nis denotes the density of the ith main species 
obtained with the simplified model and nid is the one 
obtained with the full model. The relative error incurred by 
the simplified model under different input power and 
discharge gap conditions as a function of the air content in 
the feed gas is shown in Figure 10. For all cases the error is 
less than 200% and lower errors (<60%) are observed for 
air concentrations >1000 ppm. These results suggest that the 
simplified model captures the main chemical pathways 
despite the changes in applied power and reactor geometry. 
 
Figure 10. Accuracy of the simplified models with four different 
discharge conditions. : p=10 W/cm3, g=2 mm; : p=10 
W/cm3, g=1 mm; : p=20 W/cm3, g=2 mm; : p=20 
W/cm3, g=1 mm 
B. Main chemical pathways of selected reactive species  
Figure 11 illustrates the main pathways for the 
generation and loss of selected biologically relevant species 
in He+Air CAPs. RNS are shown on the left of the Figure 
and ROS in the middle and on the right. Simulation results 
presented in this section are obtained with the simplified 
model and we focus on the generation and loss of NO, 
HNO2, HNO3, HO2, O, OH, H2O2, O2
-
, O3 due to the high 
significance of these ROS and RNS.
[5, 38 ]
 The chemical 
pathways governing the interaction between these species 
are discussed next. The reaction numbers used in this 
section correspond to the reactions listed in Appendix III. It 
should be noted that in Figure 11 only the chemical 
pathways relevant to a selection of bio-active species 
(marked in red) are shown. Chemical pathways for the 
generation/loss of species not highlighted in red may be 
missing from Figure 11. For example, reaction R86: 
1
2 2( ) ( )N A O O D N    is important for the production of 
O(
1
D) but not shown in Figure 11.            
Atomic oxygen (O) is an important ROS which is 
readily produced in plasmas but is not easily obtained by 
other means. At low air concentration, O is primarily 
produced by collisional relaxation reactions of O(
1
D) (R54),  
followed by dissociation of O2 by excited N2 molecules 
(R83 and R87) and electron-impact dissociation of 
molecular oxygen (R8). Although the rate coefficient of 
R52 is about two orders of magnitude higher than the rate of 
R54, the N2 concentration is much lower than the He 
concentration when the air concentration is low. As a result, 
despite its lower reaction rate constant, R54 is the dominant 
reaction for the production of O. At high air concentration, 
the dissociation of O2 by excited N2 molecules (R83 and 
R87) becomes the dominant chemical pathway for the 
production of O, followed by collisional relaxation reactions 
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(R52 and R54) and electron-impact dissociation (R8). This 
is different from CAPs operated in other gas environment 
(e.g. He+O2, He+H2O), where electron-impact dissociation 
of O2 is the dominated mechanism for O production
[10,39]
. 
The present of excited N2 in He+Air CAPs enhances the 
density of O(
1
D) (R83) and consequently changes the main 
production pathway of the ground state O.
 
 
Figure 11. Main chemical pathways for the generation/loss of selected biologically relevant species (highlighted in red) in He+Air CAPs. 
Dotted lines represent secondary pathways whilst solid lines represent primary pathways. For example, the reaction between OH- and O3 
is important pathway for the destruction of O3 but unimportant for the production of OH.  
 
               12e O O D O e                (R8) 
               1 2 2O D N O N               (R52) 
               1O D He O He               (R54) 
   2 2 2 2N A O N O              (R83) 
               2 2 2 2N B O N O              (R87) 
         
Regarding the loss of O, the main pathway is electron 
excitation (R6) when the air concentration is low, followed 
by the reaction between O and NO2 (R88), and some 
three-body reactions (R100, R101 and R102). At high air 
concentration, R88 and R102 become dominant for O 
destruction, followed by R100, R101 and R6. It is noted that 
the transformation of O to O3 is mainly responsible for O 
destruction in the CAPs operated in other working gases 
such as He+O2 and air
[10,27]
. However, the lower 
concentration of O2 in the feed gas in He+Air CAPs limits 
the contribution of R101 (<12%) to the overall balance of 
O. 
 
                 1e O O D e                (R6) 
                2 2O NO NO O              (R88) 
                22He O He O              (R100) 
                2 3He O O He O            (R101) 
           2He NO O He NO            (R102) 
 
Superoxide (O2
-
) is a well-known oxidizer in biological 
systems. In He+Air CAPs, O2
-
 is mainly produced by 
electron impact attachment (R13) and dissociative 
attachment (R15). This is different from the main pathway 
observed in He+O2 CAPs, in which the reaction 
O+O3
-→O2
-
+O2 is important for the production of O2
-[40]
. In 
He+Air plasmas, however, due to the low density of O3
-
 this 
mechanism is negligible. 
 
                2 2e O O
                  (R13) 
                3 2e O O O
                (R15) 
 
O2
-
 is mainly destroyed by collisional detachment 
(R56-R58), followed by charge transfer (R40, R41). R58 is 
the dominant reaction for the destruction of O2
-
 at low air 
concentration, but R56 becomes the dominant mechanism at 
high air concentration as the density of O3 increases rapidly.  
 
           2 3 3 2O O O O e
               (R56) 
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  2 3O O O e
                    (R57) 
          2 2 22O O a O e
               (R58) 
              2 2O O O O
                  (R40) 
              2 3 3 2O O O O
                (R41) 
 
A number of pathways contribute to the formation of 
hydroxyl radicals. At low air concentration OH is mainly 
produced by electron impact dissociation (R11 and R18), 
charge transfer (R37), and some reactions between neutral 
species (R91 and R97). However, when the air 
concentration is higher than 2000 ppm, R18, R93 and R95 
become the dominant pathways for the production of OH 
radicals. This is different to He+H2O CAPs, in which 
electron impact dissociation (R11) is always the most 
dominant reaction for OH production
[23]
.  
 
                2e H O OH H e             (R11) 
                3 2e HNO NO OH
           (R18) 
 2O H O OH OH
            (R37) 
                2 2O HO OH O              (R91) 
                 1 2 2O D H O OH            (R93) 
                3 2O H OH O               (R95) 
                2NO H OH NO             (R97) 
 
Regarding the loss of OH, R76 is the most responsible 
at low air concentration, followed by R90, R106 and R108. 
At high air concentration, R99 becomes important due to 
the increasing concentration of HNO2, while R76 becomes 
unimportant because the density of N decreases with the 
increasing air concentration. 
 
                N OH H NO               (R76) 
                2O OH H O                (R90) 
                2 2 2OH HNO NO H O         (R99) 
                2He NO OH He HNO       (R106) 
                2 3He NO OH He HNO       (R108) 
 
At low air concentration, HO2 is mainly produced as a 
result of electron detachment of OH
- 
upon collision with O 
(R59). Other reactions with a significant contribution 
include R103 and R98. At high air concentration, R103 
becomes the dominate process and accounts for 84% of the 
total HO2 production, followed by R59 and R98. 
 
                2OH O HO e
               (R59) 
                2 2 2 2OH H O HO H O         (R98) 
                2 2He H O He HO          (R103) 
 
Regarding the loss of HO2, the primary channel is 
quenching with atomic oxygen (R91), which accounts for 
more than 90% of the HO2 destruction for all the air 
concentrations considered in the study. 
 
                2 2O HO OH O              (R91) 
 
O3 is an important ROS produced in many CAPs and 
typically it is produced by three-body reactions involving O 
and O2
[34,40] 
(R101). In He+Air plasma, however, this 
reaction is significant for the production of O3 only at high 
air concentration. At air concentrations below 200 ppm, it is 
found that R55 and R29 account for most of the O3 
production. R57 is also significant in the whole range of air 
concentrations considered in this study. 
 
                 2 3O O a O e
               (R55) 
                2 3O O O e
                 (R57) 
                4 2 3O O O O
               (R29) 
                2 3He O O He O            (R101) 
 
Regarding the loss of ozone, O3 is primarily consumed 
via electron impact dissociative detachment (R16) at low air 
concentration. Other contributing reactions are R12 and R46. 
At high air concentration, the dominant pathways for O3 
destruction are R94, R95 and R12. 
                3 2e O O O e                (R12) 
                3 2e OO O
                (R16) 
                3 3OH O O OH
             (R46) 
                 2 3 22O a O O O             (R94) 
                3 2O H OH O               (R95) 
 
The production of hydrogen peroxide is driven by the 
three body reaction R104. This is the same mechanism 
observed in He+H2O 
[9]
 and air plasmas
[27]
. 
 
                2 22He OH He H O          (R104) 
 
The loss of H2O2 at low air concentration is primarily 
driven by Penning ionization reactions (R66 and R71). This 
contrasts with the dissociative reactions observed in CAPs 
operated in Ar 
[25]
 and it is the result of the higher energy of 
helium metastables (He
*
 19.8 eV and He2
*
 18.4 eV). As the 
air content in the feed gas is increased, the density of He
*
 
and He2
*
 decrease (see Figure 6) and at high air content R98 
becomes the dominant process. 
 
         * 2 2He H O He OH OH e
        (R66) 
            *2 2 2 2He H O He OH OH e
       (R71) 
2 2 2 2H O OH HO H O             (R98) 
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Formation of NO is primarily driven by heavy particle 
collisions. At low air concentration, the main channel for 
the production of NO is R88, R79 and R85. As the air 
content in the feed gas increases, the contribution of R88 
becomes the dominant process when [air]>200 ppm. It is 
noted that R88 is also found important for NO production in 
He+O2+humid air plasmas
[34]
, and R85 in Ar+Air 
plasmas
[37]
.  
                   2 12O N D NO O D        (R79) 
    2 2O NO NO O               (R88) 
                   22N A O NO N D         (R85) 
Regarding the loss of NO, at low air concentration, 
quenching by atomic nitrogen (R74) is the most important 
channel. At high air concentration ([air]>200 ppm), 
quenching by atomic oxygen (R102) becomes the dominate 
pathway. NO destruction by excited nitrogen atoms (R77) 
has a small but not negligible contribution (1-10%) for all 
the air concentrations studied in this work. It is interesting 
to note that N2(D) and O are responsible for the destruction 
of NO, but on the other hand they are the precursors of NO 
as discussed above. 
 
                2N NO N O                (R74) 
                 2 2N D NO N O            (R77) 
                2He NO O He NO          (R102) 
As for HNO2, R106 is the primary pathway for the 
production of HNO2 and it accounts for over 80% of the 
HNO2 production for all the air concentrations considered in 
the study. HNO2 is primarily quenched by hydroxyl radicals 
(R99). The dominant pathways for the production and loss 
of HNO2 (R106 and R99) are found to be the same as in air 
plasmas
[27]
 and Ar+Air plasmas
[37]
. It is interesting to note 
that OH plays an crucial role in both the production and 
destruction of HNO2.  
 
                2He NO OH He HNO       (R106) 
                2 2 2HNO OH NO H O         (R99) 
 
Regarding HNO3, the main chemical pathway for its 
production is the three body reaction R108: 
 
                2 3He NO OH He HNO       (R108) 
 
Regarding the loss of HNO3, most HNO3 is consumed 
by electron impact dissociative attachment (R18). This 
reaction accounts for 95% of the HNO3 destruction when 
the air content is 100 ppm and 68% when the air content is 
10000 ppm. Interestingly, the reaction HNO3 + OH →NO3 
+ H2O, a key process often believed to dominate the HNO3 
destruction
[37,27]
, makes a relatively small contribution (<1%) 
in He+Air CAPs. This is because the rate coefficient of this 
reaction (1.3×10
-19
 m
3
s
-1
) is 4-5 orders of magnitude smaller 
than that of R18 (5×10
-14
 m
3
s
-1
). Besides dissociative 
attachment (R18), R45 also contributes to the destruction of 
HNO3. This leads to the production of NO3
-
, which is the 
dominant anion at high air concentration (see Figure 5). 
                3 2e HNO NO OH
           (R18) 
                2 3 3 2NO HNO NO HNO
      (R45) 
 
4. Concluding remarks 
A detailed global model of cold atmospheric-pressure 
He+Air CAPs that accounts for 59 species and 866 
reactions has been developed. The model has been used to 
identify key species and chemical pathways as the air 
content in the feed gas varies from 100 to 10000 ppm. The 
model accounts for the radial diffusion in and out of the 
plasma region, taking into account the lifetime of each 
species and the different composition of the gas in and out 
of the plasma.  
The density of reactive species and the power 
dissipation are calculated as a function of air concentration 
ranging from 100 to 10000 ppm. The total density of cations 
rises from 9.4×10
16
 to 3.6×10
17
 m
-3
 with the increasing air 
concentration from 100 to 10000 ppm, and the dominant 
cation changes from O2
+
 to NO
+
 and then to NO2
+
. The total 
density of anions rises from 2.7×10
16
 to 2.9×10
17
 m
-3
, and 
the dominant anion changes from O2
-
 to NO2
-
 and then to 
NO3
-
. The dominant ground state reactive oxygen species 
changes from O to O3, and the dominant ground state 
reactive nitrogen species changes from NO to HNO2. O2(a) 
is the most abundant metastables, with a density that is 
several orders of magnitude larger than that of other 
metastables .  
As the air content in the feed gas increases, the 
discharge becomes increasingly electronegative, and this 
has a significant effect on the way the power is dissipated in 
the discharge. At low air concentration, most energy is 
coupled to the electrons and dissipated primarily via 
momentum transfer collisions. Inelastic collisions consume 
an increasing amount of power as air is incorporated in the 
discharge, which leads to an increasing density of reactive 
species in the plasma. As the plasma becomes more 
electronegative, the energy lost via ion Joule heating 
increases and when the air content in the feed gas is 10000 
ppm, it reaches ~54% of the total energy dissipated in the 
discharge.  
Some significant differences between the plasma 
chemistry in He+Air plasmas and that of previously studied 
He+O2, He+H2O, Ar+Air and pure air plasmas have been 
revealed. Following a careful analysis of the different 
chemical pathways at play in He+Air discharges, the main 
species and reactions have been identified and a simplified 
discharge model capable of capturing the main 
physicochemical processes but with only a ~12% of the 
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complexity of the initial model has been created. The 
validity of the simplified model as the input power and /or 
the discharge gap size are doubled has also been verified.  
From an application point of view, the densities and 
chemical pathways of biologically relevant species 
produced in He+Air CAPs provide a new insight into the 
plasma chemistry of these discharges to guide the operation 
and optimization of these plasmas in emerging biomedical, 
agricultural and environmental applications. 
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Appendix I: Helium-incorporated reactions in the full model 
No. Reaction Rate coefficientb Ref. 
Electron impact momentum transfer 
1  e He e He     ef T  9
a 
Electron impact ionization 
2  2e He e He    
 ef T  9a 
3  * 2e He e He    
 ef T  9a 
4  *
2 2 2e He He e
  
 
 10 0.719.75 10 exp 3.4 /e eT T
 
 
41 
Electron impact excitation and de-excitation 
5  *e He e He    
 ef T  9a 
6  *e He He e     
0.5107 10 11600 / 300eT

 
42 
7  *
2 2e He e He    
94 10  
43 
Dissociative recombination 
8  e He He   
122 10  
44 
9  *e He He   
13 0.56.76 10 eT
 
 
45 
10  
2 2e He He
 
 
81 10  
41 
11  *
2 2e He He
 
 
161.5 10  
46 
12  *
2e He He He
  
  
1.598.9 10 11600 /e gT T

   
47 
13  e HeH H He    
9 0.61.1 10 eT
 
 
48 
14  2e He He e     
4.5207 10 11600 /e gT T

 
49 
15  *2e He He e     
4206.0 10 11600 /e gT T

 
78 
16  
22 2e He He e
  
 
 
4.5207 10 11600 /e gT T

 
49 
17  *
22e He He He e
   
 
202.8 10  
50 
18  *
2 22e He He e
  
 
211.2 10  
50 
19  *e He He He He     
271 10  
46 
20  
2 3e He He He
  
 
 
2.5272 10 11600 /e gT T

 
49 
21  *
2 2e He He He He
   
 
273.5 10  
50 
22  *
2 2e He He He He
   
 
271.5 10  
50 
23  e O He O He      
2.5316.45 10 11600 /e gT T

 
49 
24  e N He N He      
2.5272 10 11600 /e gT T

 
49 
25  
2 2e N He N He
   
 
23 1.53.12 10 / (11600 )eT

 
34 
26  
2 2e O He O He
   
 
23 1.53.12 10 / (11600 )eT

 
34 
27  e NO He NO M     
23 1.53.12 10 / (11600 )eT

 
34 
Electron impact attachment 
28  e O He O He     
3110  
10 
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29  
2 2e O He O He
   
 
311 10  
10 
30  
3 3e O He O He
   
 
311 10  
10 
31  e OH He OH He     
313 10  
67 
32  e NO He NO He     
318 10  
51 
33  
2 2e NO He NO He
   
 
301.5 10  
52 
34  
3 3e NO He NO He
   
 
301 10  
52 
Ion-ion recombination 
35  He O O He      
172 10 / 300gT

 
45 
36  
2 2He O O He
   
  
172 10 / 300gT

 
45 
37  
3 3He O O He
   
 
 
172 10 / 300gT

 
45 
38  He H He H      
0.572.3 10 exp / 300gT

 
48 
39  He OH He OH      
0.572 10 / 300gT

  
53 
40  He NO NO He      
172 10 / 300gT

 
53 
41  
2 2He N O N O He
   
  
172 10 / 300gT

 
53 
42  
2 2He NO NO He
   
 
 
172 10 / 300gT

 
53 
43  
3 3He NO NO He
   
 
 
172 10 / 300gT

 
53 
44  
2He O O O He
    
 
71 10  
45 
45  
3 2He O He O O
    
 
71 10   
53 
46  
4 22He O He O
   
 
71 10   
53 
47  He OH He O H      
71 10   
53 
48  He NO N O He      
71 10  
53 
49  
2 2He N O N O He
    
 
71 10  
53 
50  
2He NO NO O He
    
 
71 10  
53 
51  
3 2He NO NO O He
    
 
71 10  
53 
52  
2 2He O O He
   
 
71 10   
10,53 
53  
2 2 2 2He O O He
   
 
71 10   
10,53 
54  
2 3 3 2He O O He
   
 
71 10   
10,53 
55  
2 2He H H He
   
 
71 10   
53 
56  
2 2He OH OH He
   
 
71 10   
53 
57  
2 2He NO NO He
   
 
71 10   
53 
58  
2 2 2 2He N O N O He
   
 
71 10   
53 
59  
2 2 2 2He NO NO He
   
 
71 10   
53 
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60  
2 3 3 2He NO NO He
   
 
71 10   
53 
61  HeH O OH He     
71 10   
53 
62  
2 2HeH O HO He
   
 
71 10   
53 
63  
3 3HeH O H O He
    
 
71 10   
53 
64  
2HeH H H He
   
 
71 10   
53 
65  
2 2HeH OH H O He
   
 
71 10   
53 
66  HeH NO HNO He     
71 10   
53 
67  
2 2HeH N O H N O He
    
 
71 10   
53 
68  
2 2HeH NO HNO He
   
 
71 10   
53 
69  
3 3HeH NO HNO He
   
 
71 10   
53 
70  
2 2 2He O O O He
    
 
71 10   
53 
71  
2 3 2 2He O O O He
    
 
71 10   
53 
72  
2 4 22 2He O O He
   
 
71 10   
53 
73  
2 2He OH O H He
    
 
71 10   
53 
74  
2 2He NO N O He
    
 
71 10   
53 
75  
2 2 2 2He N O N O He
    
 
71 10   
53 
76  
2 2 2He NO NO O He
    
 
71 10   
53 
77  
2 3 2 2He NO NO O He
    
 
71 10   
53 
78  
2HeH O H O O He
     
 
71 10   
53 
79  
3 2HeH O HO O He
    
 
71 10   
53 
80  
4 2 2HeH O HO O He
    
 
71 10   
53 
81  
2HeH OH O H He
    
 
71 10   
53 
82  HeH NO H N O He       
71 10   
53 
83  
2 2HeH N O H N O He
     
 
71 10   
53 
84  
2HeH NO HNO O He
    
 
71 10   
53 
85  
3 2HeH NO HNO O He
    
 
71 10   
53 
Charge transfer 
86  He O O He      
0.5115.0 10 / 300gT

 
45 
87  1( )He O D O He   
 
 
0.5115 10 / 300gT

 
45 
88   2 2He O a O He
   
 
 
0.5113.3 10 / 300gT

 
45 
89  
2 2He O O He
   
 
 
0.5113.3 10 / 300gT

 
45 
90  
2He O O O He
    
 
 
0.591.07 10 / 300gT

 
45 
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91   2He O a O O He
    
 
 
0.591.07 10 / 300gT

 
45 
92  
3 2He O O O He
    
  
0.591.07 10 / 300gT

 
45 
93  He H He H     
151.9 10  
48 
94  He H HeH     
0.3151.58 10 / 300gT

 
54 
95  
2 2He H He H
   
 
157.2 10  
48 
96  
2He H He H H
    
 
 143.7 10 exp 35 / gT 
 
48 
97  He OH O H He      
91.1 10  
48 
98  
2 2He H O H O He
   
 
116.05 10  
48 
99  
2He H O H OH He
    
 
102.04 10  
48 
100  
2He H O OH H He
    
 
102.86 10  
48 
101  
2 2He N N He
   
 
106.0 10  
49 
102  
2He N N N He
    
 
106.0 10  
49 
103  He NO NO He     
91.6 10  
55 
104  He NO O N He      
91.25 10  
55 
105  
22He He He He
   
  
0.6311.4 10 / 300gT

 
69 
106  
2 2He O O He
   
 
 
0.591 10 / 300gT

   
10 
107   12 2He O D O He   
 
 
0.591 10 / 300gT

   
10 
108  
2 2 2 2He O O He
   
 
 
0.591 10 / 300gT

 
10 
109  
2 2 2He O O He O
    
 
91.05 10  
56 
110   2 2 2 2He O a O He
   
  
0.591 10 / 300gT

 
10 
111  
2 3 2 2He O O He O
    
  
0.591 10 / 300gT

 
10 
112  
2 2 22He N He N
   
 
91.2 10  
49 
113  *
2 2 2 2He N He N
   
 
91.4 10  
57 
114  
2 2He NO He NO
   
 
91.3 10  
55 
115  
2 2He H H He
   
 
103.5 10   
9 
116  
2 2He H HeH H He
    
 
101.76 10  
72 
117  
2 2 2 2He H H He
   
 
103.5 10  
72 
118  
2 2He OH OH He
   
 
91.2 10    
9 
119  
2 2 2 2He H O O H He
    
 
102.1 10  
58 
120  
2 2 2He H O OH H He
    
 
102.1 10  
58 
121  
2 2 2He H O H OH He
    
 
102.1 10  
58 
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122  
2 2He H O HeH OH He
    
 
101.3 10  
58 
123  
2 2 2 2He H O H O He
    
 
102.1 10  
58 
124  
2HeH H H He
   
 
109.1 10  
48 
125  
2 3HeH H H He
   
 
91.5 10  
48 
126  
2 3HeH H O H O He
   
 
104.3 10         
59 
127  *
2 2He He He He
   
 
101 10  
65 
128  *
2He O O He O
    
 
101.0 10  
65 
129  *
4 2 2He O O He O
    
 
101.0 10  
65 
130  *
2 2He H O H He O
    
 
101.0 10  
65 
131  *
3 2He H O H He H O
    
 
101.0 10  
65 
132  *
2He N N He N
    
 
101.0 10  
65 
133  *
3 2He N N He N
    
 
101.0 10   
65 
134  *
4 2 2He N N He N
    
 
101.0 10  
65 
135  *He NO O He N      
115.0 10  
65 
136  *He NO N He O      
115.0 10  
65 
137  *
2 2 2He O O He O
    
 
101 10  
65 
138  *
2 4 2 22He O O He O
    
 
101 10  
65 
139  *
2 3 22He H O H He H O
    
 
101.0 10  
65 
140  *
2 3 3 2He H O H He O
    
 
101.0 10  
65 
141  *
2 3 22He N N He N
    
 
101.0 10  
65 
142  *
2 4 2 22He N N He N
    
 
101.0 10  
65 
143  * *
22He He He He    
341.5 10  
78 
144  He H HeH     
4.5198.4 10 / 300gT

 
60 
145  
2He H HeH H
   
 
101.3 10  
48 
146  
2 3He O O He O
    
 
30 11.1 10 ( / 30 )0gT
 
 
49 
147  
2He O NO He NO
    
 
314.0 10  
56 
148  
2 2 4He O O He O
    
 
31 13.5 10 ( / 30 )0gT
 
 
49 
149  
2He O O He O
    
 
 
0.5291 10 / 300gT

 
45 
150  He O N He NO      
291 10  
51 
151  
2He O N He NO N
     
 
 
2296 10 / 300gT

 
49 
152  
2 2 4He O O He O
    
 
 
3.2303.9 10 / 300gT

 
49 
153  He N O He NO      
291 10  
61 
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154  
2He N N He N
    
 
291 10  
53 
155  
2 3He N N He N
    
 
294.6 10  
62 
156  
2He NO N He N O
    
 
291 10 (300 / )gT

 
52 
157  
2 2 4He N N He N
    
  
1295 10 / 300gT

 
49 
158  
2 3He H H He H
    
 
293.1 10  
51 
Collisional relaxation 
159  * 2He He He   
155.8 10  
63 
160  *
2 3He He He   
164.9 10  
47 
161  1( )He O D O He  
 
131.0 10  
45 
162   2 2He O a O He     
0.5218 10 / 300gT

 
45 
Collisional detachment 
163  He O He O e      
0.6182.5 10 / 300gT

 
64 
164  
2 2He O He O e
   
 
 103.9 10 exp 7400 / gT 
 
10 
165  
3 2He O He O O e
    
 
103 10  
65 
166  He H He H e      
0.5128 10 / 300gT

 
66 
167  He OH He OH e      
92 10 exp 24030 / gT
 
 
67 
168  He NO He NO e     
132.4 10  
68 
169  *He O O He e     
103.0 10  
65 
170  *
2 2He O O He e
   
 
103.0 10  
65 
171  *
3 3He O O He e
   
 
103.0 10  
65 
172  *
4 22He O O He e
   
 
103.0 10  
65 
173  *He H H He e     
102.0 10  
65,33 
174  *He OH OH He e     
103.0 10   
65 
175  *He NO NO He e     
103 10  
65 
176  *
2 2He NO NO He e
   
 
103 10  
65 
177  *
2 2He N O N O He e
   
 
103 10  
65 
178  *
3 2He NO He NO O e
    
 
103 10  
65 
179  *
2 2He O O He e
   
 
103 10  
65 
180  *
2 2 2 2He O O He e
   
 
103 10  
65 
181  *
2 3 3 2He O O He e
   
 
103 10  
65 
182  *
2 4 22 2He O O He e
   
 
103 10  
65 
183  *
2 2He H H He e
   
 
102.0 10  
65,33  
184  *
2 2He OH OH He e
   
 
103 10  
65 
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185  *
2 2He NO NO He e
   
 
103 10  
65 
186  *
2 2 2 2He NO NO He e
   
 
103 10  
65 
187  *
2 2 2 2He N O N O He e
   
 
103 10  
65 
188  *
2 3 22He NO He NO O e
    
 
103 10  
65 
Penning ionization 
189  *
22He He e
 
  
0.592.03 10 / 300gT

 
69 
190  *2He He He e     
0.5108.7 10 / 300gT

 
69 
191  * *
2 2He He He He e
   
 
105 10  
78 
192  * *
2 2He He He He e
   
 
92 10  
78 
193  
*
22 3He He He e
  
 
103 10  
78 
194  *
2 22 2He He He e
  
 
91.2 10  
50 
195  * 1( )He O D O He e   
 
 
0.17103.96 10 / 300gT

 
70 
196  *He O O He e      
0.17103.96 10 / 300gT

 
70 
197  *
2 2He O O He e
   
 
 
0.5102.54 10 / 300gT

 
45 
198  *
3 2He O O O He e
    
 
102.6 10  
78 
199  *He H H He e     
91.1 10  
71 
200  *
2 2He H H He e
   
 
112.9 10  
72,73 
201  *
2He H H HeH e
   
 
123 10  
72,73 
202  *He OH OH He e     
107.8 10    
9 
203  *
2 2He H O H O He e
   
 
106.6 10  
59 
204  *
2He H O He OH H e
    
 
101.5 10  
74,59 
205  *
2He H O He OH H e
    
 
112.6 10  
74,59 
206  *
2He H O HeH OH e
   
 
128.5 10     
74,59 
207  *
2 2He H O He OH OH e
    
 
107.8 10    
9 
208  *
2He N N N He e
    
 
101 10  
65 
209  *
2 2He N N He e
   
 
115 10  
47 
210  *
2 2He O He O e
   
 
103.6 10  
78 
211  * 1
2 ( ) 2He O D He O e
   
 
103.6 10  
78 
212  *
2 2 22He O He O e
   
 
103.6 10  
78 
213  *
2 3 22He O He O O e
    
 
103.6 10  
78 
214  *
2 2He H He H e
   
 
102.2 10   
9 
215  *
2 2 2 2He H H He e
   
 
102.2 10  
75 
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216  *
2 2He OH OH He e
   
 
106 10   
9 
217  *
2 2 2 2He H O H O He e
   
 
106 10  
76 
218  *
2 2 2 2He H O OH OH He e
    
 
106 10  
9 
219  *
2 2 22He N He N e
   
 
113 10  
77 
Neutral reactions 
220  3 2He O He O O      
91.56 10 exp 11400 / gT
 
 
78,45 
221  22He O He O       
1321.3 10 / 300 exp 170 /g gT T
 
 
45 
222  2 3He O O He O      
1.2343.4 10 / 300gT

 
45 
223  He N O He NO     
31 0.51.76 10 gT
 
 
72 
224  2He NO O He NO     
311 10  
79 
225  2He N N He N      
347.6 10 exp 500 / gT

 
65 
226  He H O He OH      
1333.2 10 / 300gT

 
10 
227  2He H OH He H O      
2.6311.56 10 / 300gT

 
9,80 
228  22He H He H     
1335.8 10 / 300gT

 
81 
229  2 2He H O He HO      
0.8322 10 / 300gT

 
81 
230  2 22He OH He H O    
31 3.23.96 10 ( / 300)gT
 
 
81 
231   22He O O a He    
359.88 10  
45 
232  2 3He O NO He NO     
32 29 10 (300 / )gT

 
82 
233  1
2 2( )He O D N He N O     
379 10  
83 
234  2 2 3He NO NO He N O     
34 7.73.09 10 (300 / )gT

 
84 
235  2He NO OH He HNO     
31 2.47.4 10 (300 / )gT

 
82 
236  He NO H He HNO     
321 10 exp(300 / )gT

 
85 
237  2 2 2 4He NO NO He N O     
33 3.81.17 10 (300 / )gT

 
84 
238  2 3 2 5He NO NO He N O     
30 3.52.8 10 (300 / )gT

 
83 
239  2 3He NO OH He HNO     
30 2.92.2 10 (300 / )gT

 
82 
240  2 3 2He N O He NO NO     
101.03 10 exp( 2628 / )gT
 
 
84 
241  2 4 2 2He N O He NO NO     
71.09 10 exp( 4952 / )gT
 
 
84 
242  2 5 2 3He N O He NO NO     
3 3.51 10 (300 / ) exp( 11000 / )g gT T
 
 
83 
Te in eV, Tg in Kelvin 
a The rate coefficient is obtained from EEDF using cross section from indicated reference.  
b Rate coefficient is in cm3/s for two-body reactions and cm6/s for three-body reactions 
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AppendixⅡ: Sidewise loss of neutral species    
 
The mass conservation for neutral species i is given by 
the following equation [32]: 
 
 
   2
, , ,
, , , , , ,
i
i i i
dn r z t
D n r z t S r z t
dt

          (A1) 
 
We are interested in the steady state solution and for 
simplicity we consider a 1-dimension problem in r. In this 
case, A1 reduces to: 
 
D d dn
r G Kn
r dr dr
 
   
 
                        (A2) 
 
where G is the average generation rate due to gas phase 
reactions (assumed to be constant) and K the reaction 
frequency for the destruction of species i (assuming a linear 
approximation).  
 
To solve A2, we assume as boundary condition that the flux 
at r=R is the thermal flux:  
 
0.25 ( )r R th
dn
D n R v
dr
                         (A3) 
 
The solution to A2 will be the sum of solution to the 
homogeneous equation and a particular solution. A 
particular solution to A2 is: 
p
G
n
K
                                      (A4) 
 
And the homogeneous equation can be re-written as 
follows: 
2
2
2
2
1
0
1
0
d n dn K
n
r dr Ddr
d n dn
n
K KK r d rd r D DD
   
  
  
        
              (A5) 
 
The solution of this homogeneous equation is: 
 
0 0h
K K
n AI r BK r
D D
   
       
   
                  (A6) 
 
where I0 is the modified zero-order Bessel function of the 
first kind and K0 the modified zero-order Bessel function of 
the second kind. A and B are integration constants. 
 
Since  0 /K K Dr  diverges at r=0, B must be 0 for a 
physical solution.  
 
Therefore the solution to Eq. A2 is 
 
0( ) p h
G K
n r n n AI r
K D
 
      
 
                (A7) 
 
To determine the integration constant A, we impose the 
boundary condition A3: 
 
 
 
0
2
2 1
22
1
2 1
022
1
2
2 !
2
0.25
2 !
r R r R
m
m
m
m
m
thm
m
dn K
D DAI r
dr D
K
m R
D
DA
m
K
m R
D G K
DK A AI R v
K Dm
 




      
 
 
  
 
 
 
      
       
  


(A8) 
 
And therefore the integration constant A is equal to: 
  
 
2 1
022
1
0.25
2
0.25
2 !
th
m
thm
m
G
v
KA
K
m R
D K
DK I R v
Dm


 
 
         
 

                  
(A9) 
 
Substituting A9 into A7, we obtain the solution to Eq. A2, 
i.e. the radial variation of the density for species i:  
                                            
 
0
2 1
022
1
0.25
( ) 1
2
0.25
2 !
th
m
thm
m
K
v I r
DG
n r
K
K
m R
D K
DK I R v
Dm


 
 
  
     
  
  
           
  

                                           (A10)
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The average density of species i across the radial direction (nave) is calculated by integrating Eq.A10 and then dividing the 
result by the electrode disk area. And then the ratio of the boundary density to the average density for species i is given by: 
 
 
 
2 1
2
22
1
2 1
0 0220
1
2
2 !( )
2
2 0.25 0.25
2 !
m
m
m
m
ave
R
th thm
m
K
m R
D
R DK
mn R
n
K
m R
D K K
r DK I R v v I r dr
D Dm




 
  
 

  
                 
    
  
 


        (A11)      
 
The radial diffusion loss rate for species i is: 
 
 
2 1
2
22
1
, 2 1
0 0220
1
2
2 !1
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2 0.25 0.25
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K
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D
R DK
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S n v
V
K
m R
D K K
r DK I R v v I r dr
D Dm




 
  
 

  
                 
    
  
 


 (A12)     
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Appendix Ⅲ: main reactions for He+Air plasmas 
No. Reaction Rate coefficientb Ref. 
Electron impact momentum transfer 
1  e He e He     ef T  9
a 
Electron impact excitation and de-excitation 
2  2( )e N N D e  
 
 ef T  86a 
3  2 2( )e N N A e     ef T   87
a 
4  2 2( )e N N B e     ef T  87
a 
5  2
2 ( )e N N D N e     
 ef T  34a 
6  1( )e O O D e  
 
 ef T  88a 
7  2 2( )e O O a e     ef T  35
a 
8  1
2 ( )e O O D O e     
 ef T  89a 
9  1
2 2 ( )e H O H O D e     
 ef T  90a 
10  *e He e He    
 ef T  9a 
Electron impact dissociation 
11  2e H O OH H e      ef T  91
a 
12  3 2e O O O e      ef T  92
a 
Electron impact attachment 
13  
2 2e O O
 
 
 ef T  93a 
14  
2e O O O
  
 
 ef T  94a 
15  
3 2e O O O
  
 
 ef T  95a 
16  
3 2e O O O
  
 
 ef T  95a 
17  
2e H O H OH
  
 
 ef T  96a 
18  
3 2e HNO NO OH
  
 
85 10  
97 
19  e NO He NO He     
318 10  
51 
Ion-ion recombination 
20  
3 3NO NO NO NO
   
 
 
0.572 10 300 / gT
 
 
53 
21  
2 3 3 2NO NO NO NO
   
 
 
0.572 10 300 / gT
 
 
97 
Charge transfer 
22  
2 2 2 2N H O H O N
   
 
92.3 10  
51 
23  
3 2 2 2N O O N N
    
 
112.3 10  
51 
24  
3 2 2N O NO O N
    
 
112 10  
51 
25  
3 2 2 2N O NO N
   
 
114.4 10  
51 
26  
4 2 2 22N N N N
   
 
102.1 10 exp( /121)gT
 
 
51 
27  
4 2 2 22N H O H O N
   
 
93 10  
51 
28  
2 2 5 2 3 2O N O NO NO O
    
 
108.8 10  
53 
29  
4 2 3O O O O
   
 
103 10  
53 
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30  
4 22O NO NO O
   
 
106.8 10  
98 
31  
2 5 2 22NO N O NO NO
   
 
105.9 10  
53 
32  
2 2NO NO NO NO
   
 
102.75 10  
99 
33  
2 2OH O O OH
   
 
105.9 10  
98 
34  
2 2 2 2H O O O H O
   
 
104.3 10  
51 
35  
2 2 3H O H O H O OH
   
 
91.7 10  
51 
36  
3 2 5 2 3 2H O N O NO HNO H O
    
 
105.5 10  
52 
37  
2O H O OH OH
   
 
91.4 10  
51 
38  
2 2( )O O a O O
   
 
101 10  
51 
39  
3 3O O O O
   
 
108 10  
51 
40  
2 2O O O O
   
 
103.3 10  
51 
41  
2 3 3 2O O O O
   
 
103.5 10  
51 
42  
2 2NO O O NO
   
 
105 10  
51 
43  
2 2 5 3 3NO N O NO NO NO
    
 
107 10  
51 
44  
2 2NO NO NO NO
   
 
102.75 10  
99 
45  
2 3 3 2NO HNO NO HNO
   
 
91.6 10  
27 
46  
3 3OH O O OH
   
 
109 10  
100 
47  
2 3He O O He O
    
 
30 11.1 10 ( / 300)gT
  
 
101 
48  
2He O N He NO N
     
 
 
2296 10 / 300gT

 
101 
49  
2 2 4He O O He O
    
 
 
3.2303.9 10 / 300gT

 
101 
50  
2 2 4He N N He N
    
 
 
1295 10 / 300gT

 
101 
51  
2 3He N N He N
    
 
294.6 10  
62 
Collisional relaxation 
52  1
2 2( )O D N O N    
111.8 10 exp(107 / )gT
 
 
82 
53  2 2 2 2( ) ( )N B N N A N    
115 10  
53 
54  1( )He O D O He  
 
131.0 10  
45 
Collisional detachment 
55  
2 3( )O O a O e
   
 
103 10  
51 
56  
2 3 3 2O O O O e
    
 
106 10  
102 
57  
2 3O O O e
   
 
101.5 10  
51 
58  
2 2 2( ) 2O O a O e
   
 
102 10  
51 
59  
2OH O HO e
   
 
102 10  
100 
60  
3 2He O He O O e
    
 
103 10  
65 
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61  He H He H e      
0.5188 10 / 300gT

 
66 
62  He NO He NO e     
132.4 10  
68 
Penning ionization 
63  *He O O He e      
0.17103.96 10 / 300gT

 
70 
64  *
2 2He O O He e
   
  
0.5102.54 10 / 300gT

 
45 
65  *
2He H O He OH H e
    
 
101.5 10  
74 
66  *
2 2He H O He OH OH e
    
 
107.8 10    
9 
67  *
2 2He N N He e
   
 
115 10  
47 
68  *
2He N N N He e
    
 
101 10  
65 
69  *
2 2He O He O e
   
 
103.6 10  
78 
70  *
2 2 22He O He O e
   
 
103.6 10  
78 
71  *
2 2 2 2He H O OH OH He e
    
 
106 10  
9 
72  *
2 2 22He N He N e
   
 
113 10  
77 
radiation 
73  2 2( ) ( )N B N A  
51.25 10  
103 
Neutral reactions 
74  2N NO N O    
112.1 10 exp(100 / )gT
 
 
82 
75  2 2N NO N O O    
125.8 10 exp(220 / )gT
 
 
82 
76  N OH H NO    
117.5 10  
51 
77  2
2( )N D NO N O   
116 10  
53 
78  2
2( )N D O NO O     
0.5121.5 10 / 300gT
 
 
53 
79  2 1
2( ) ( )N D O NO O D     
0.5126 10 / 300gT
 
 
53 
80  2 2 2 2( ) ( ) ( )N A N A N B N    
104 10  
82 
81  2 2 2( ) 2N A N O O N    
118 10  
97 
82  2 2 2( )N A N O NO N N     
118 10  
97 
83  2 2 2( ) 2N A O N O    
125 10 exp( 210 / )gT
  
 
82 
84  2 2 2 2( ) ( )N A O O a N    
121 10  
97 
85  2
2( ) ( )N A O NO N D    
127 10  
51 
86  1
2 2( ) ( )N A O O D N    
112.3 10  
52 
87  2 2 2( ) 2N B O N O    
103 10  
51 
88  2 2O NO NO O    
126.5 10 exp(120 / )gT
 
 
82 
89  3 2 2O NO O NO    
111.7 10  
82 
90  2O OH H O    
112.2 10 exp( 350 / )gT
  
 
51 
91  2 2O HO OH O    
118.3 10 exp( 500 / )gT
  
 
51 
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92  1
2( )O D H OH H    
101.1 10  
83 
93  1
2( )O D H O OH OH    
102.2 10  
104 
94  2 3 2( ) 2O a O O O    
115.2 10 exp( 2840 / )gT
  
 
82 
95  3 2O H OH O     
0.75112.8 10 / 300gT
 
 
51 
96  3 22NO NO NO   
111.8 10 exp(110 / )gT
 
 
82 
97  2NO H OH NO    
101.47 10  
51 
98  2 2 2 2OH H O HO H O    
122.9 10 exp( 160 / )gT
  
 
83 
99  2 2 2OH HNO NO H O    
111.8 10 exp( 390 / )gT
  
 
27 
100  22He O He O       
1321.3 10 / 300 exp 170 /g gT T
 
 
45 
101  2 3He O O He O      
1.2343.4 10 / 300gT

 
45 
102  2He NO O He NO     
311 10  
79 
103  2 2He H O He HO      
0.8322 10 / 300gT

 
81 
104  2 22He OH He H O    
31 3.23.96 10 ( / 300)gT
 
 
81 
105  2 3He O NO He NO     
32 29 10 (300 / )gT

 
82 
106  2He NO OH He HNO     
31 2.47.4 10 (300 / )gT

 
82 
107  2 3 2 5He NO NO He N O     
30 3.52.8 10 (300 / )gT

 
83 
108  2 3He NO OH He HNO     
30 2.92.2 10 (300 / )gT

 
82 
109  * *
22He He He He    
341.5 10  
78 
Te in eV, Tg in Kelvin 
a The rate coefficient is obtained from EEDF using cross sections from indicated reference.  
b Rate coefficient is in cm3/s for two-body reactions and cm6/s for three-body reactions 
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